We depict recent agricultural nitrogen input and future loads to be expected in 2021 in the German Baltic Sea catchment to assess the feasibility of reaching water quality targets defined by the Marine Strategy Framework Directive (MSFD). We calculate recent and future nitrogen balances from agriculture by applying an interdisciplinary modelling system, also considering the effects of the Nitrate Directive. The nitrogen surpluses are transferred to a nutrient emission model to simulate nitrogen emissions, in-stream retention and resulting riverine loads to the sea until 2021. Finally, we analyse input reduction demands and agri-environmental measures necessary to attain water quality targets of the MSFD. The results are target-oriented mitigation options relevant for implementation, based on regional land use and nitrogen reduction demands. Furthermore, this paper discusses the effects of policies and measures implemented to reduce nitrogen loads.
INTRODUCTION
The Baltic Sea is a European inland sea providing many ecosystem services. Nowadays, most water bodies located in the German Baltic Sea catchment (GBSC) are in moderate or poor ecological condition (BLANO ). Only a small share of the coastal waters features good water quality conditions in accordance with the water quality targets defined by the Water Framework Directive (WFD) and the Marine Strategy Framework Directive (MSFD). In most areas high nutrient loads are the major problem, resulting in algae blooms and oxygen deficiency (HELCOM ). Recently eutrophication and hazardous substances have been two of the four major threats to the Baltic Sea mentioned in the Baltic Sea Action Plan (BSAP), constituting obstacles for bathing water quality and tourism.
The ecosystem of the Baltic Sea is primarily nitrogen limited (Wasmund & Siegel ) . As an inland sea it is especially sensitive to nutrient inputs from the atmosphere and loads from rivers in the catchment. Around 70% of the catchment is used for agricultural production (HELCOM ), mostly managed intensely and accompanied by high fertilisation rates. Agricultural production represents the main nitrogen contributor to the aquatic systems in the catchment and the Baltic Sea. It is crucial to analyse nitrogen sources and fluxes in the catchment, starting with nutrient balances on farmland areas, depicting nutrient transport across all discharge routes to understand the effects on the coastal waters.
Besides the BSAP and the MSFD, the WFD targets a good water quality with a focus on the river catchments, for which nitrogen is either directly or indirectly an assessment parameter. At least a good status of the terrestrial and marine water bodies is to be achieved by 2015 as defined in the WFD or by 2020 as required under the MSFD. Harmonised nutrient reduction targets were derived in 2014 (BLANO ). Schernewski et al. () suggest new reduction targets on water quality based on an integrated backward modelling approach. It is necessary to assess how the necessary reductions can be achieved efficiently.
Administrative programmes on mitigation have been implemented in many regions to achieve these water quality targets. Due to high agricultural inputs, numerous measures aim to reduce diffuse nitrogen input on agricultural land. The WFD differentiates two types of measures. The fundamental measures, such as the Nitrate Directive (ND) and good agricultural practice, are legal regulations and recommendations implemented to foster an efficient nutrient management. Additionally, supplementary actions, such as agri-environmental measures, can be implemented. The ND implemented in Germany in 2006, with the manure regulation, regulates the application of organic and mineral fertiliser. Due to this legislation the farmers have to account for nitrogen that is entering and leaving the farm. But until now the reluctance in implementing the directive has been considerable, and thus the initially intended positive effects are still lacking. The directive has recently been amended, but this revision is more time consuming than anticipated and a consensus has not yet been found.
Previous studies have focused on recent and ecological acceptable loads (Enell & Fejes ) , the effects of legislation and the reductions necessary for meeting WFD targets, e.g., the potential contribution of the ND in the Rhine and Elbe catchment (de Wit et al. ), or estimates of nutrient input and cost efficiency of measures in the Oder catchment (Venohr et al. ; Voss et al. ) . For the GBSC, Hirt et al. (b) investigated the reduction scenarios in accordance with the BSAP. However, Hirt et al. did not consider reduction loads and measures under the MSFD. The cost efficiency of intersectoral measures and nutrient permit trading in the Baltic Sea catchment was evaluated by Elofsson () and the cost efficiency of water protection measures in the German catchment was calculated by Mewes (). However, Mewes did not take the regional particularity of land use and agricultural production into account. In this paper, we analyse the reduction amount for four different scenarios in order to achieve the targets of the MSFD and under consideration of the A1B climate scenario for the GBSC. We further identify agri-environmental measures on county scale for the catchment taking the regional characteristics of agricultural production into account.
MATERIALS AND METHODS

Study area
The GBSC encompasses the federal states MecklenburgWestern Pomerania (MV) and Schleswig Holstein (SH). The predominant land use is agriculture (72%), with forest and water bodies covering 20% (HELCOM ). More than 80% of total nitrogen discharge to the Baltic Sea originate from diffuse sources via drainage systems and groundwater flow (BLANO ).
Nitrogen surpluses are still high in regions with high animal stocks due to intensification in livestock and dairy production and slurry application (Gustafson ) . Since 2000 the implementation of the Renewably Energy Law in Germany promoted the cultivation of maize and the construction of biogas plants. Until the amendment in 2014, 5% of the agricultural land in Germany was cultivated for biogas production. Most of the area is located in regions with high animal stocks, and thus biogas slurry adds to already high nutrient loads due to manure application, increasing the potential of nitrogen leaching, often resulting in increased nitrate concentrations in groundwater and tile drains (Gustafson ) .
Methods
To analyse the nutrient situation and possible measures we apply an interdisciplinary modelling system consisting of the Regionalised Agricultural and Environmental Information System (RAUMIS) (Henrichsmeyer et al. ) and the nutrient emission model MONERIS (Venohr et al. ) .
RAUMIS is an agricultural sector model simulating the German agriculture according to sectoral data on agricultural production and income in accordance with agricultural policy (Gömann et al. ) . The spatial differentiation of the basic model is based on administrative bodies representing 19 model regions in the Baltic region, comparable to counties in Germany. The extended version can handle more localised data sets on municipality level, thereby resulting in a better representation of regional differences in agricultural production and nutrient input (Röder & Gocht ) .
Adjustments in production are caused by changes of the general conditions such as agricultural policies and prices, and are determined using the positive mathematical programming approach which is widely used in agricultural economics (Howitt ) . With this approach non-linear cost-terms are obtained by calibrating the RAUMIS model to observed agricultural production in each model region to simulate a base year. When the non-linear cost-terms are integrated into the model formulation for ex ante or future analysis the model can be used to predict behavioural responses of farmers for policy analysis. The model results for future years thus present a baseline or a reference scenario for the analysis of the impacts of alternative policies and developments and are reflected (or validated) frequently with stakeholders and policy makers within the Thuenen model network (Offermann et al. ) . The model comprises environmental impact indicators linked to agricultural production, such as nutrient surpluses of nitrogen, phosphorus and potassium, pesticide application, biodiversity and greenhouse gas emissions (Thomassin ) . Therefore it can be used to analyse agricultural and environmental policy impacts.
RAUMIS can also be applied to determine mitigation options by implementing appropriate measures. The nitrogen surplus of agricultural land is calculated with a balancing concept including all relevant nitrogen inputs on fields (mineral and organic fertiliser, slurry from biogas plants, secondary fertiliser such as sewage and compost, nitrogen fixation and crop residues) and nitrogen outtakes (nitrogen harvested and ammonium losses). The model has been applied in this field to simulate nutrient inputs as a threat to water quality, for example for the Weser river basin (Hirt et al. a) .
MONERIS is a semi-empirical, semi-distributed, steadystate model developed to calculate both nitrogen and phosphorus emissions into surface waters, in-stream retention and resulting loads, on a river catchment scale. The model considers geo-pedo-hydrological information and models nutrient emissions of diffuse and point sources. MONERIS uses a geographic information system (GIS)-based approach, integrating digital spatial data on climate, soils, geology and land use as well as a variety on statistical information on population, urbanisation, wastewater treatment, sewer systems and so on, complemented by monitoring data on runoff and water quality. The model simulates seven emission pathways (atmospheric deposition on surface waters, overland flow, erosion, tile drainage, groundwater, emissions from sealed urban areas and point sources) and six emission sources (natural background, fertiliser application, nitrogen atmospheric deposition on arable land and other areas, urban sources and point sources) (Venohr et al. ) . The model can simulate monthly, annual and long-term average nutrient emissions into surface waters and marine ecosystems. Modelling is based on 'analytical units'; the smallest modelling unit is derived from topography, hydrological catchments and administrative units. In this study we used 172 analytical units with an average area of 136 km 2 . MONERIS has been applied and tested for different climatic conditions, long-term historical studies and future development scenarios (Venohr et al. ; Malagó et al. ) .
Both models interact by exchanging data both ways. Data transfer is solved with interfaces based on areaweighted means. Nitrogen surpluses provided by RAUMIS and land use specific atmospheric nitrogen deposition are used as input data for nitrogen flux modelling. All relevant nitrogen emission pathways as well as nitrogen loads for all sub-catchments are then analysed in MONERIS. A backward calculation enables the derivation of nitrogen reduction requirements to achieve the relevant water quality targets by holding the target load, or concentration fix, and deriving the necessary reduction of nitrogen relative to the amount of nitrogen input. Once a reduction amount is identified this information is passed on to the RAUMIS model to determine mitigation options by analysing appropriate agrienvironmental measures related to the regional reduction demand and regional specific agricultural land use.
In the first step we quantify agricultural nitrogen input and the respective loads to the Baltic Sea from the GBSC. Gross nitrogen balances are calculated on county scale for the whole catchment. Furthermore for the period from 2007 onwards we could calculate nitrogen balances on municipality level for SH, to obtain spatially differentiated surpluses. If the surplus exceeds 60 kg N/ha utilised agricultural area we assume that manure is transported to neighbouring municipalities with lower surplus levels within a county. For 171 subcatchments within the GBSC we calculated nitrogen emissions from both diffuse and point sources.
In the second step we determine the necessary reduction demand of nitrogen surplus to achieve the targets of the MSFD with MONERIS. On the basis of the target goals of the MSFD, the necessary reduction of emissions and the responding reduction of agricultural nitrogen surpluses in the municipalities of the federal states of SH and MV are calculated. We derive reduction requirements considering a maximum allowed concentration of 2.8 mg N/l in accordance with Schernewski et al. () . Under consideration of instream retention the costal target concentration was transferred into the catchment to derive the maximum allowable concentrations. This was compared to the concentrations resulting from the expected nitrogen emissions. In inverse modelling the emissions were reduced until the target concentration was reached. Thereby, in regions where the allowable concentrations were exceeded, emissions were reduced stepwise. By this procedure emissions were reduced iteratively until the target concentration was reached. By comparing the modelled emissions in 2021 and 2100 with the maximum allowable emissions the reduction demand was derived.
Four different scenarios are assessed in relation to nitrogen emissions and reduction demands: • 2100 A1B ND: implementation of ND and climate scenario A1B in 2100.
The period 1997 to 2003 is the reference period of the BSAP; therefore we use it as a scenario of 'initial state' conditions. For future scenario analysis we include IPCC (Intergovernmental Panel on Climate Change) scenario A1B to climate change impacts. This scenario is balancing the utilisation of fossil and renewable energy sources to supply the economic development under industrial globalisation. This is done by implementing rainfall, runoff and temperature data of the IPCC scenario A1B (IPCC ) provided by the Climate Service Center. Based on this climate change we analyse two different scenarios for 2021 with different outlines for agricultural development: one including the implementation of the European ND (2021 A1B ND), which means that for Germany nitrogen surpluses are not allowed to exceed the threshold of 60 kg N/ha, and another scenario without implementation of the ND in Germany (2021 A1B), representing the current practice of agricultural production in Germany where farmers often do not comply with regulations. In comparison to the expected agricultural changes and their impact, climate change effects might be of minor importance until 2021. Therefore another scenario is implemented (2100 A1B ND), assessing the climate change effect of scenario A1B until 2100. After 2021 agricultural development including the ND remains unchanged, but climate change according to the IPCC scenarios chosen is progressing until 2100. Consequently the potential effect of climate change on nutrient leaching increases, in comparison to the scenarios for 2021.
Mitigation options are derived by assessing the potential application effects of agri-environmental measures aimed at reducing nitrogen input. The measures we consider can be applied as supplementary mitigation options when fundamental measures, such as the ND, are insufficient to achieve the targets by reducing agricultural surpluses. We also consider the promotion in the catchment and the acceptance of farmers to adopt these measures. Mitigation options accounted for are groundwater protective slurry and manure application techniques (AT), reduced mineral fertilisation of cereals (MF), extensive crop farming (EC), extensive grassland cultivation (EG), setting-aside of land (SA) and cultivation of intercrops (IC) or undersown crops (UC), described in Osterburg & Runge (). For general information about agri-environmental measures in MV and SH see WWF (). Criteria of implementation are that a reduction demand has been assessed and that sufficient areas and relevant land use types are available.
RESULTS AND DISCUSSION
Nitrogen surpluses in the past
Overall agricultural surplus per region has been increasing in the period 1999 to 2003. The year 2003 was exceptionally dry, resulting in low crop yields and hence a lower nitrogen removal due to crop uptake and harvest. However regional differences occur (Figure 1) . The maps illustrate the differences based on counties. The variations of surpluses in SH are related to the more diverse structure of crop cultivation and livestock and dairy production in these areas. Surpluses of more than 80 kg N/ha often occur in counties in SH characterised by high livestock density and manure application rates, resulting in high nitrogen input into soil.
Nitrogen surpluses in the future
We model decreasing surpluses on agricultural land until 2021. Due to the expected future development in agricultural production and land use, an overall reduction of 14,000 t excess agricultural nitrogen input in the GBSC can be expected in the period from 2007 until 2021. Further reductions are modelled after efficient implementation of the ND in the daily practice of the farmers. By regional short distance transport of manure and slurry within a county in compliance with the 60 kg N/ha surplus limit, a further reduction of 5,000 t N can be achieved. The effects of the ND are evident in the western and central part of the catchment where nitrogen surpluses are high (Figure 2) . The higher spatial resolution in SH depicts differences of agricultural nitrogen input on a local scale, with surpluses exceeding 120 kg N/ha, but also municipalities with a surplus below 40 kg N/ha. Therefore a higher spatial resolution is recommended in order to identify and analyse source areas.
Targets and reduction demands
The modelling results point out that the positive trend of decreasing agricultural nitrogen surpluses and the effects of the ND are not sufficient to achieve the targeted concentration of the MSFD until 2021. This is in accordance with what was found for the Elbe catchment by de Wit et al.
(), for the Weser River basin by Kreins et al. (, ) , and for previously published scenario simulations in the Oder catchment (Venohr et al. ) . Table 1 and Figure 3 show the specific reduction needs to fulfil the MSFD requirements for the four scenarios defined.
In all scenarios the reduction demand in the western part (SH) is higher than in the eastern part (MV). However, the scenarios for the years 2021 and 2100 revealed a pronounced overall decrease in nitrogen emissions and loads in SH. But in MV a relative decline of reduction demand by 80% occurred. These changes are primarily caused by regional changes of nitrogen input and surplus on agricultural land. Even in the scenario 2100 A1B ND the effect of climate change is very low. In the western part high reduction demands will prevail until 2021. In contrast the reduction necessary to achieve the targets in MV in 2021 and 2100 ranges from fairly low to negligible. Even the implementation of the ND has a very small effect on water quality, due to the low level of nitrogen surpluses in this federal state. This was already documented in Venohr et al. () for the Oder catchment. When the effects of the ND and climate change are taken into account, only little action will be necessary to achieve the MSFD targets in MV in 2100. Nevertheless, also for MV a reduction demand is determined in each scenario, although the amount decreases due to reduced agricultural inputs and climate change. This trend would also be the same when municipalities are analysed, but the results for SH reveal that a higher spatial resolution is crucial for calculating the overall reduction amount and identifying target areas.
Mitigation options and opportunities
Additional mitigation options are indispensable in the areas where the implementation of the ND is insufficient to achieve the targets of the MSFD in 2021. To attain the necessary reduction of nitrogen surpluses in the relevant regions, a further application expansion of agri-environmental measures could be an option for action. Related to the regional pattern of agricultural land use and production in the catchment and the specific reduction demands, the regional sets of agri-environmental measures relevant for application are diverse (Figure 4 ). The overall analysis shows high potential for groundwater protective slurry application techniques (AT). The cultivation of intercrops (IC) and undersown crops (UC) can be expanded due to high nitrogen leaching in areas with a high share of cereals and oil fruits. This share of cereal production also affected the results with a significant reduction potential by promoting reduced mineral fertiliser application in cereals (MF). Also extensive crop farming (EC) can assist in reducing nitrogen leaching in the future. In addition, the setting-aside of land (SA) and the extensification of grassland (EG) have limited potential.
Overall mitigation areas amount to approximately 561,000 ha to achieve the MSFD targets in 2021, even when the ND is implemented (Table 2 ). An additional area of 94,000 ha of land would be necessary when the positive effects of the ND are not accounted for. Climate change is expected to have a positive influence on nitrogen leaching in the GBSC, resulting in a decreasing dimension of additional mitigation areas. The associated costs under consideration of the ND and the climate change sum up to about 37 million euros in the scenario of the year 2021. If regulations on nitrate leaching and fertiliser application are not considered, additional expenses of 91 million euros will arise. The simulations show that over the course of time, by 2100, the overall reduction demand and costs will decrease. Groundwater is the major emission pathway. Due to long residence times, water emissions via this pathway always are a consequence of former land use and management practices. Therefore recent measures will unfold their full effect after decades when the high concentrations resulting from high fertiliser application rates in the 1980s fade out.
Validation and uncertainties
The modelling approach comprises two models operating on different scales. The RAUMIS model simulates on county or municipality level; MONERIS models riverine sub-catchments. Therefore, scaling effects and constant loss of information for regionalisation by using the model interfaces need to be considered, but they are unavoidable. One of the main sources of uncertainty is the input data, due to accuracy and also temporal and spatial resolution, which differ according to the data set. For example soil data had the lowest resolution of 1:50,000. Precipitation and temperature data of climatological stations, up to 50 km apart from each other, had to be regonalised to achieve a catchment-wide coverage. An assessment of land use data as another source of uncertainty has been published by Kreins et al. () , assessing negligible effects on nitrogen leaching. More uncertainties are introduced by the model assumptions, due to simplification of natural processes. RAUMIS performs a consolidation based on various agricultural data sources on county or municipality level and also uses national agricultural accounts as a framework of consistency. Furthermore, the model network used in this paper was validated by comparing modelled loads of MONERIS and observed loads of 23 different gauges based on discharge and nitrogen concentration. We revealed a mean deviation of 28% for the total nitrogen loads with an r 2 of 0.96 (n ¼ 143, annual load observation), as depicted in Figure 5 . This result of the validation shows that the uncertainties of the model results equal the error to be expected in the observed loads calculated on the basis of discharge and concentration data of the water quality gauges. Furthermore, the modelled nitrogen loads are in good agreement to the waterborne input of the BSAP according to HELCOM (), with a derivation of 1.4%.
CONCLUSION
The interdisciplinary modelling approach and the interaction of the models enables us to simulate nitrogen emissions starting at the source, for example arable land, simulating leaching processes of different pathways and modelling the loads to the Baltic Sea in the past and also for future scenarios. The backward calculations enable us to deduce reduction demands and mitigation options on agricultural land. The scenarios address water objectives of the MSFD under consideration of the impacts of agricultural policy and land use and also climate change effects in the near and more distant future. Our findings suggest that the recently implemented policies and measures can contribute to the reduction of nitrogen loads in the Baltic Sea catchment, because regional input and loads are still too high. But the agri-environmental measures analysed here are voluntarily implemented by farmers in Germany, meaning that their implementation into practice is difficult in areas with a high livestock density, many biogas plants and intensive crop cultivation, because of the low compensation in relation to the high agricultural profit. Therefore achieving the water quality targets in hot spot areas proves difficult under the present economic and legal conditions. A more efficient application of organic manure, the substitution of mineral fertiliser, and a more balanced agricultural management of nutrient input and crop uptake in the future must be promoted, as suggested by de Wit et al. () . Additionally alternative measures like slurry separation, manure transport and reduction of livestock density should be considered. Furthermore the time lag resulting from long residence times in groundwater etc. needs to be considered when the feasibility of the water quality targets assessed here is evaluated. It is necessary to take into account that groundwater input is the second most important emission pathway in the GBSC, with its relative importance even increasing in the future scenarios. Due to mean residence time of more than 50 years within the catchment the effect of agrienvironmental measures and other mitigation options will need a long time period to show evident beneficial effects. Even until 2100 a mixed effect will be assessed in the simulated loads.
